IntroductIon
Spinal muscular atrophy (SMA) is one of the most common autosomal-recessive diseases, with an incidence of ~1 in 10,000 live births and a carrier frequency of 1 in 35-117, depending on ethnicity. 1 The disease is characterized by the progressive degeneration and loss of anterior horn cells in the spinal cord and brainstem nuclei causing symmetric muscle weakness and atrophy, 2, 3 and the clinical subtypes (I-IV) are primarily based on age at onset and disease severity.
The major cause of SMA is homozygous deletion of the SMN1 gene on chromosome 5q13.2. 4 In 95-98% of SMA patients, both copies of SMN1 exons 7 are either deleted or are rendered nonfunctional due to gene conversion. 5, 6 The remaining 2-5% of patients carry intragenic mutations and are compound heterozygotes.
7 SMN1 and SMN2 are separated by ~1. 4 Mb of sequence within a segmental duplication on 5q13.2. They have high sequence similarity, 8, 9 and there are no encoded amino acid differences. A single base change affecting a putative splice enhancer in exon 7 (c.840C>T) accounts for splicing differences such that the majority of SMN2 tran scripts lack exon 7. 10, 11 Some genotype/phenotype correlations have been established among patients who carry SMN1 point mutations, and in general, the presence of additional copies of SMN2 positively modifies clinical prognosis. 12, 13 The majority of mutations causing all SMA subtypes involve SMN1 copy-number loss. Consequently, carrier screening must be performed by dosage-sensitive methods that can distinguish SMN1 from SMN2, including quantitative PCR, 14 multiplex ligation-dependent probe amplification (MLPA), 15 and/or TaqMan quantitative technology. 16 Of note, none of these established methods can determine the number of SMN1 copies present on individual chromosomes. Individuals with two SMN1 copies on one chromosome (duplication allele) and no copies on the other (deletion allele) are silent (2 + 0) carriers as most individuals with two intact SMN1 copies (1 + 1) are not carriers (Figure 1 ). 17 Therefore, SMA carrier detection by current techniques generates false-negative results. 18 The frequency of silent (2 + 0) carriers varies and is directly proportional to the product of the deletion and duplication allele frequencies in a given population.
Among Ashkenazi Jewish (AJ) individuals, the SMA carrier frequency has been reported as 1 in 41, with a detectability of ~90%. 1 Of the remaining 10%, ~8% are silent (2 + 0) carriers, Purpose: Spinal muscular atrophy is a common autosomal-recessive disorder caused by mutations of the SMN1 gene. Spinal muscular atrophy carrier screening uses dosage-sensitive methods that determine SMN1 copy number, and the frequency of carriers varies by ethnicity, with detection rates ranging from 71 to 94% due to the inability to identify silent (2 + 0) carriers with two copies of SMN1 on one chromosome 5 and deletion on the other. We hypothesized that identification of deletion and/or duplication founder alleles might provide an approach to identify silent carriers in various ethnic groups.
Methods: SMN1 founder alleles were investigated in the Ashkenazi Jewish population by microsatellite analysis and next-generation sequencing.
results: An extended haplotype block, specific to Ashkenazi Jewish SMN1 duplications, was identified by microsatellite analysis, and next-generation sequencing of SMN1 further defined a more localized haplotype. Of note, six novel SMN1 sequence variants were identified that were specific to duplications and not present on singlecopy alleles. The haplotype was also identified on SMN1 duplication alleles in additional ethnic groups.
conclusion: Identification of these novel variants in an individual with two copies of SMN1 significantly improves the accuracy of residual risk estimates and has important implications for spinal muscular atrophy carrier screening.
and the rest are compound heterozygotes with deletion of one allele and intragenic mutation in the other. 7 In addition, ~2% of SMA patients have a de novo SMN1 mutation with only one carrier parent. 6 The frequency of SMN1 silent (2 + 0) carriers in any population modifies the residual risk of being a carrier after a negative screening result. The most striking example can be found in the African-American (AA) population, where the frequency of duplication (2 + 1) individuals is relatively high (47%), resulting in a greater number of silent (2 + 0) carriers, such that the carrier detection rate is only 71%, with a residual risk of 1 in 121 after a negative dosage screening result. 1 Because the ability to identify silent (2 + 0) carriers would significantly improve carrier detection, efforts were directed to identify ethnic-specific SMN1 founder deletion and/or duplication alleles by detecting a genotype unique to either the deletion or duplication alleles present in silent (2 + 0) carriers. The feasibility of this approach for the AJ population has been supported by the fact that carrier screening in this population is based on the occurrence of common recessive disease mutations due to shared haplotype blocks with founder mutations. 19, 20 We identified AJ founder alleles for SMN1, including one that is present in approximately half of all AJ SMN1 duplications (2 + 1). Sequencing across the SMN1 genomic region identified six novel variants and confirmed that a unique haplotype was common to both AJ and AA duplication alleles. Identification of these variants can improve carrier detection and provide more accurate estimates of residual risk with respect to SMA carrier status.
MAterIALs And MetHods specimen collection and dnA extraction
Genomic DNA was obtained with informed consent from the peripheral blood specimens of anonymous individuals living in the Greater New York Metropolitan area, who self-identified as AJ, AA, Hispanic, or Caucasian (CA). DNA was isolated using the Puregene DNA Purification kit (Qiagen, Valencia, CA) according to the manufacturer's instructions.
MLPA
A total of 200 ng of genomic DNA from each specimen was used for the MLPA analysis with the Salsa MLPA SMA P021 kit (MRC-Holland, Amsterdam, The Netherlands) according to the manufacturer's instructions. 21 The MLPA PCR products were separated by capillary electrophoresis using the ABI-3130XL Genetic Analyzer (Applied Biosystems, Foster City, CA). The results were imported into GeneMarker software (Softgenetics, State College, CA) for the MLPA data analysis using population normalization with the MLPA ratio as the analysis method and peak height as the quantification method.
Microsatellite analysis
Microsatellite analysis was performed with markers flanking the SMN genes on 5q13, which included D5S681, D5S435, and D5S610 22 and three novel markers, MS1, MS2, and MS3, created based on publicly available human genomic sequence (http:// genome/ucsc.edu). Each primer pair was amplified separately in a total volume of 25 µl with genomic DNA (see Supplementary Tables S1-S3 online). The PCR products were then run on the ABI-3130XL Genetic Analyzer, and the results were analyzed with GeneMapper software (Applied Biosystems).
Long-range Pcr and sequencing
The region between exons 7 and 8 of the SMN1 gene in AJ duplication carriers was amplified using Long-Range PCR reagents (Qiagen) with primers SMN1-E7F and SMN1-E8R. Primer SMN1-E7F was designed to preferentially amplify SMN1 by the inclusion of c.840C at exon 7. PCR amplification was performed according to the manufacturer's instructions. The PCR amplicons were then sequenced using the BigDye Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems) on an ABI 3730 DNA analyzer using the same PCR primers and two additional primers, SMN1-I7F2 and SMN-E8Ra, to confirm sequencing results in both directions (see Supplementary Tables S1-S3 online).
tA cloning
LongRange PCR fragments from five AJ major duplication (2 + 1) carriers were subjected to TA cloning. In brief, amplicons were gel purified (Qiagen) and cloned into the PCR vector from the TOPO TA Cloning Kit (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Twelve clones from each of these individuals were isolated for PCR screening. Clones with the expected insert size were subsequently subcultured, and plasmids were purified using the QIAprep Spin Miniprep Kit (Qiagen) and sequenced as described above using M13 primers (Fisher Scientific, Pittsburgh, PA).
restriction fragment length polymorphism analysis PCR was performed to amplify the fragment containing g.27134T>G alteration with the primers SMN1-E7F and SMN1-I7R1 (see Supplementary Tables S1-S3 online). Five microliters of product were digested with 4 U of HypCH4III (New England Biolabs, Ipswich, MA) at 37 °C for 4 h and were resolved by 1.5% agarose gel electrophoresis. Base calls and quality scores were generated using NextGENE software (SoftGenetics). The resulting FASTA files were aligned to the SMN1 reference sequence (NCBI build 37.2). A mutation report with a list of variant calls and corresponding quality metrics was generated. Variations from 12 samples were grouped and compared. Only variations specific to each group were kept and further validated by Sanger sequencing as described above.
statistical analysis for microsatellite markers
Genotype frequencies for each microsatellite marker were tested for Hardy-Weinberg equilibrium using the χ 2 test. Haplotypes of the markers, D5S681-D5S435-MS1-D5S610, were estimated for AJ controls and AJ SMN1 deletions (1 + 0) and duplications (2 + 1) using SAS/Genetics version 9.2 (SAS Institute, Cary, NC). Putative haplotypes were inferred from their frequency among all examined individuals and reconstructed based on the most likely combination of alleles. Differences in haplotype frequencies between the AJ control cohort and the AJ cohort of individuals with SMN1 deletions or duplications were tested using the χ 2 test. P values for overall and pairwise comparisons were calculated for the four-marker haplotypes, with the threshold of 0.05 considered statistically significant. Improvement in the detection rate with the addition of sequence variants was estimated using the Bayesian approach (see Supplementary Methods and Procedures online).
resuLts

AJ population screening for SMN1 deletions and duplications
To determine the frequency of SMN1 deletions (1 + 0) and duplications (2 + 1) in the AJ population, 692 individuals of 100% AJ ancestry (with four AJ grandparents) were screened by an SMN1-and SMN2-specific MLPA assay. 15, 21 Fifteen SMN1 deletion (1 + 0) carriers (1 in 46 or 2.2%) were identified, which is similar to the frequency reported in other European populations. 23 Ninety-nine individuals with SMN1 duplications (2 + 1) (14.3%) were identified, but none had four SMN1 copies (i.e., two duplication alleles, 2 + 2), although the expected frequency of (2 + 2) individuals was 0.5% (see Supplementary Table S4 online). The observed frequencies did not deviate significantly from Hardy-Weinberg equilibrium (exact P > 0.05).
Frequency of AJ sMA carriers
Using the frequency of deletions (1 + 0) (2.2%) and duplications (2 + 1) (14.3%), assuming Hardy-Weinberg equilibrium for three alleles (SMN1 = 0, 1, or 2 copies), silent (2 + 0) carriers were estimated to occur at a frequency of 2qr (where q is the frequency of 0 copies and r is the frequency of 2 copies), which was 1 in 531 AJ individuals. On the basis of this calculation, the overall carrier frequency for SMA among AJ individuals was ~1 in 41.1 (2.4%), which includes carriers with loss of one SMN1 (1 + 0) copy, silent (2 + 0) carriers, and the small fraction of carriers with intragenic mutations. The carrier detection rate in the AJ population by MLPA was ~90% on the basis of this analysis, with ~8% silent (2 + 0) carriers and ~2% intragenic mutation carriers. Therefore, the residual risk of being a carrier after a negative MLPA screening result with two copies of SMN1 was 1 in 345 ( Table 1) .
Mutation groups among AJ individuals with deletions (1 + 0) or duplications (2 + 1)
Twenty-three AJ deletion (1 + 0) carriers were identified and fell into one of four major mutation groups: 1del, SMN1 deletion only; 2del, SMN1 and SMN2 deletions; 3del, SMN1 exons 7 and 8 deletion and SMN2 deletion, or an SMN1 deletion and SMN2 exons 7 and 8 deletion; and 4del, SMN1 exons 7 and 8 deletion only (see Supplementary Table S5 online) .
Seventy-two AJ individuals with duplications (2 + 1) were detected by MLPA, and three major groups were identified: 1dup, three SMN1 copies with no SMN2 copy; 2dup, three SMN1 copies with one SMN2 copy, and 3dup, three SMN1 copies with two SMN2 copies (see Supplementary Table S5 online). Of the 72 SMN1 duplications examined, 26 (36.1%) had To determine whether founder haplotypes were present for SMN1 deletion alleles, 20 carriers from the groups 1del, 2del, and 3del were genotyped with six microsatellite markers flanking the SMN1 and SMN2 genes, including D5S681, D5S435, and D5S610 22 and three novel markers, MS1, MS2, and MS3 (see Supplementary Figure S1 online). Seventy-eight AJ control individuals with two SMN1 copies were also genotyped. Four consecutive loci D5S681-D5S435-MS1-D5S610 were then chosen for marker association studies. Their most likely haplotypes were constructed using SAS/Genetics version 9.2 for the 20 SMN1 deletion carriers including all individuals from groups 1del, 2del, and 3del ( Table 2) . Group 4del was excluded because all three individuals only had loss of exons 7 and 8.
Two putative founder haplotypes were significantly enriched (P ≤ 0.001) in the deletion carriers as compared with controls. The most common allele combination among the 20 carriers, 2-5-4-5, was assigned in 22.5% of carriers and was possible, although not assigned by the software, in 8 additional (40%) carriers. The 2-5-4-5 haplotype was also assigned to one chromosome of 78 controls (0.6%), indicating that this haplotype may not be specific to deletion alleles. The other carrier-specific allele haplotype, 2-1-4-5, was not assigned to any control individuals; however, two control individuals could potentially carry it. One of the group 4del carriers with the SMN1 exons 7 and 8 deletion only could possibly have the 2-5-4-5 haplotype, indicating that it may not be specific to SMN1 whole-gene copy-loss alleles or that it may be the haplotype of the wild-type allele in carrier no. 23 (see Supplementary Table S5 online) .
To analyze the individuals with duplications (2 + 1) for unique shared haplotypes, the six microsatellite markers were genotyped in 69 of the 99 AJ individuals with three copies of SMN1 and in 3 additional AJ individuals who were subsequently identified with four copies of SMN1 (see Supplementary Table S5 Original research article online). The same four markers, D5S681-D5S435-MS1-D5S610, were used in haplotype reconstruction for 42 individuals with duplications from groups 1dup and 2dup. Of these, 26 had three SMN1 copies and no SMN2 copies, and 16 had three SMN1 copies and one SMN2 copy. A separate analysis was performed for the nine 3dup group individuals who carried three SMN1 copies and two SMN2 copies, because they presumably represented a separate duplication group. The most likely marker haplotypes for the three groups are shown in Table 2 . One major duplication marker haplotype, 2-5-6-10, was significantly enriched in groups 1dup and 2dup (19%). This haplotype was completely absent from the controls and was highly specific for the duplication carriers (P < 0.0001). Of the 58 1dup and 2dup group individuals, 23 (39.7%) had the full four-marker haplotype and eight (13.8%) had the 2-5-6 partial haplotype. In addition, one of the 3dup group individuals (no. 59; see Supplementary Table S5 online) had the 2-5-6-10 haplotype, indicating that this individual most likely carried the SMN2 duplication on the wild-type allele. The major duplication haplotype was also positive in two of three individuals with four SMN1 copies, of which one individual was homozygous for the 5-6-10 haplotype (see Supplementary Table S5 online).
sequencing of the major AJ duplication allele
Several putative AJ founder haplotypes were computationally inferred in the SMN1 deletion and duplication alleles. The major duplication haplotype, 2-5-6-10, or the partial haplotype, 2-5-6, was present in the majority (51.7%) of AJ duplications with 0 or 1 copy of SMN2 (see Supplementary Table S5 online) and was absent from the AJ control population. Therefore, this duplication allele was further scrutinized by sequencing. An SMN1-specific 1,025-bp fragment between exons 7 and 8 was amplified from five different AJ individuals with the major duplication allele using primer SMN1-E7F, which includes c.840C at the 3′ end, and primer SMN1-E8R (see Supplementary Figure S2A online).
Two sequence variants in the SMN1 gene were identified, g.27134T>G in intron 7 and g.27706_27707delAT in exon 8 (see Supplementary Figure S2B online). Further sequence analysis indicated that both polymorphisms were present in all individuals carrying the major duplication haplotype (2-5-6-10) or partial haplotype (2-5-6) and were absent from all other individuals. Using a combination of LongRange PCR and TA-cloning analysis, the presence of the two polymorphisms within the same clone in the 12 tested duplication cases (2 + 1) indicated that these polymorphisms resided within the same SMN1 allele.
restriction fragment length polymorphism analysis for the g.27134t>G polymorphism
The g.27134T>G polymorphism resulted in the gain of an HpyCH4III restriction site (see Supplementary Figure S2C online). Restriction fragment length polymorphism (RFLP) analysis of 315 AJ control individuals revealed that none had this restriction site, indicating that the polymorphism was specific to the major AJ duplication allele. Of note, individual no. 70, with four SMN1 copies and no SMN2 copies (see Supplementary Table S5 online), was homozygous for the 2-5-6-10 allele combination but was heterozygous for the restriction site. This is consistent with the hypothesis that polymorphisms are present in only one copy of the SMN1 duplication. By RFLP analysis, a total of 49 of the 99 duplication (2 + 1) individuals were found to carry the g.27134T>G polymorphism. Therefore, testing for this polymorphism in the AJ population would identify about half of the silent (2 + 0) carriers, increasing the detection rate from 90 to 94%. Moreover, the residual risk of being an SMA carrier after a negative screening result would decrease from ~1 in 345 to ~1 in 580 ( Table 1) .
To determine whether g.27134T>G was also present on SMN1 duplication alleles in other ethnic groups, the MLPA and RFLP analyses were performed on genomic DNA from 276 AA, 250 Asian, 262 Hispanic, and 458 CA individuals. The results indicated that g.27134T>G was present on duplication alleles in all populations examined but is only specific to the duplication alleles in Asians (Table 3) . However, the majority (81%) of AA individuals with duplications (2 + 1) were heterozygous for g.27134T>G, whereas only 21% of individuals with two copies of SMN1 were positive for this polymorphism. Of note, one of the five AA deletion carriers was also positive for the RFLP, indicating that it was present on the wild-type allele. Of note, 4 of 90 AA individuals with SMN1 duplications positive for g.27134T>G were homozygous for the RFLP, indicating that all SMN1 genes in both duplication alleles and wild-type allele carried the variant ( Table 3) . The RFLP was present in about half of duplications (2 + 1) in Hispanic individuals, but it was also present in 5.5% of wild-type alleles. In the CA population, the RFLP was present in 15% of individuals with duplications (2 + 1) and only 0.5% of wild-type alleles (1 + 1). Conversely, in the Asian population, the RFLP was not found in individuals with two copies of SMN1 but was present in ~14% of the duplication (2 + 1) individuals (Table 3) . Sequencing was performed on individuals positive for the RFLP to confirm that both g.27134T>G and g.27706_27707delAT variants were present. In all cases examined, the two polymorphisms occurred together within the same SMN1 allele.
targeted next-generation sequencing of SMN1
To further investigate SMN1 sequence variants present within the major AJ duplication allele and in the AA population, sequencing of the SMN1 gene genomic region by next-generation sequencing was performed on a selected group of samples with homozygous deletion of SMN2. The 32.7 kb target region included the entire SMN1 gene (NG008691.1) and part of the upstream and downstream sequences. Sequencing of the region for 12 samples was performed on an Illumina GAII sequencer. The sequences were analyzed using NextGENE software (SoftGenetics). The average sequence coverage was 297 reads per base pair, and those variants with reads >5% and total coverage ≥20× were called. Variants were grouped and compared based on SMN1 copy number, the presence of g.27134T>G, and ethnic group. Only variations specific to each group were further investigated. Four additional novel variants, g.11678G>T, g.15774G>A, g.22804G>A, and g.26190A>G, were identified in both AJ and AA individuals carrying the g.27134T>G polymorphism ( Table 4) . All four variants were validated by Sanger sequencing and were further confirmed in an additional 10 samples from each group (data not shown). These variants occurred concomitantly with g.27134T>G and g.27706_27707delAT and, therefore, delineated a conserved haplotype on duplication alleles in the AJ population and on both duplications and wild-type alleles in the AA population. Among the AA samples sequenced, no other sequence variants were identified that would distinguish the duplication alleles from the wild-type alleles.
dIscussIon
The American College of Medical Genetics and Genomics has recommended offering carrier screening for SMA to all couples regardless of race or ethnicity. 18, 26 However, because most mutations involve copy-number loss, carrier detection is limited by the false-negative rate, which varies from 4 to 27% based on ethnicity due to the inability to detect silent (2 + 0) carriers with two copies of SMN1 on one chromosome 5 and deletion on the other. 1, 17 To help overcome this limitation and improve carrier detection, founder alleles with either deletions or duplications of SMN1 carrying unique polymorphisms were sought to distinguish the silent (2 + 0) carriers from wild-type (1 + 1) individuals, which is not possible using current methods. The AJ population was initially selected for the haplotype studies because previous founder mutations have been identified in shared haplotype blocks, which has facilitated gene discovery for recessive disorders prevalent among AJ individuals. 19, 20, 27 The feasibility of this approach is further supported by a recent study of an SMN1 deletion founder allele in the US Hutterite population that identified a shared haplotype and a single origin for mutations in the population, with an estimated SMA carrier frequency of one in eight. 28 To search for potential founder alleles, microsatellite analyses were performed with markers flanking the SMN1 locus, and
Original research article marker trait association studies were performed with four of the most tightly linked markers (D5S681-D5S435-MS1-D5S610). Because SMN1 and SMN2 are located within a segmental duplication, markers were chosen that were outside of the repeat region to eliminate potential confounding results. Comparison of the haplotype frequencies in deletion (1 + 0) and duplication (2 + 1) individuals with those in AJ controls identified two deletion-and three duplication-specific haplotypes with P ≤ 0.001 ( Table 2) . Of these haplotypes, one was present in ~46.4% (32 of 69) (see Supplementary Table S5 online) of the duplication alleles tested but was absent in all 78 AJ controls, making it highly specific for the duplication allele and a candidate for further study (see Supplementary Table S5) .
Sequencing 1,025 bp between SMN1 intron 7 and exon 8 in individuals carrying the major duplication haplotype identified two tightly linked variants, g.27134T>G in intron 7 and g.27706_27707delAT in exon 8 (see Supplementary Figure  S2A ,B online). The g.27134T>G transversion introduced an HpyCH4III restriction site (see Supplementary Figure S2C) , which was present in the major duplication (2 + 1) carriers but not in any of the 315 AJ controls. Thus, an AJ individual with two copies of SMN1, who is positive for g.27134T>G and/or g.27706_27707delAT, would be considered an SMA silent (2 + 0) carrier. Detection of these variants would increase SMA carrier detection rate in the AJ population from 90 to 94% and reduce the residual risk after a negative carrier screening result from ~1 in 345 to 1 in 580 ( Table 1) . Similarly in the Asian population, an individual found to have two copies of SMN1 will have his/her residual risk of being an SMA carrier reduced from 1 in 628 to 1 in 702, if negative for the two variants. However, if positive, those individuals would be identified as silent (2 + 0) carriers for SMA. For all potential silent (2 + 0) carriers, regardless of whether they carry g.27134T>G, further testing of their parents will confirm carrier status because one parent should have at least three copies of SMN1 and the other should have one copy. In addition, analysis of multiple generations will provide confirmation through phased haplotype associations.
Moreover, the two linked polymorphisms were also present at different frequencies in the AA, Hispanic, and CA populations. In these populations, g.27134T>G and g.27706_27707delAT were more frequent among duplication (2 + 1) carriers than those with one or two SMN1 copies. Although these variants were not specific to the duplication alleles, residual risk estimates could be modified in all three populations after screening negative or positive for these polymorphisms ( Table 4 ). The effect was most dramatic in the AA population, which has the lowest SMA carrier detection rate (71%) due to the high prevalence of duplication alleles. 1 The residual risk increases from 1 in 121 to 1 in 34 if an AA individual with two copies of SMN1 is positive for g.27134T>G and/or g.27706_27707delAT and decreases to 1 in 396 if negative ( Table 1) . The CA population screening data for the g.27134T>G allele shown in Table 3 indicates a different allele frequency distribution than that identified in the AJ population and is in agreement with published studies of SMN1 copy number in North American CAs. 1 Additional studies in AJ and AA individuals of the entire SMN1 genomic region using a next-generation sequencing strategy identified four novel intronic sequence variants that in conjunction with g.27134T>G and g.27706_27707delAT form a conserved single-nucleotide polymorphism haplotype across the SMN1 gene, indicating that it represents an ancient haplotype specific to AJ duplication alleles and enriched in AA duplication alleles (Table 4) . Although a negative result for the single-nucleotide polymorphism haplotype does not rule out the possibility that an individual is a silent carrier, it reduces the residual risk in all populations examined. Additional nextgeneration sequencing of AJ individuals with the minor duplication haplotypes, not detected using g.27134T>G, may help to identify diagnostic polymorphisms that would further improve detection rates.
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